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1.0 INTRODUCTION

This document is a guide to the data products derived from the measurements made by the Earth Probe Total Ozone
Mapping Spectrometer (EP/TOMS), and processed by the National Aeronautics and Space Administration (NASA).

It discusses the calibration of the instrument, the algorithm used to derive ozone values from the measurements,
uncertainties in the data, and the organization of the data products. The data begin July 25, 1996 and are ongoing at
the time of this publication. These data are being archived at the Goddard Space Flight Center (GSFC) Distributed
Active Archive Center (DAAC), and being made available in near real-time based on preliminary calibration through
the TOMS Web site as given in Appendix C.

The EP/TOMS was launched only a few months before another TOMS Instrument was launched aboard ADEQOS, a
Japanese meteorological satellite. The EP/TOMS was put in a lower, 500 km orbit in order to provide higher spatial
resolution for studies of local phenomena. After failure of the ADEOS satellite on June 29, 1997, it was decided to
raise the EP/TOMS orbit to 750 km to provide more complete global coverage. This was accomplished over the
course of two weeks from December 4 through December 12 of 1997 during which no EP/TOMS data are available.
The result is an EP/TOMS data set of one and one half years of high resolution data taken at the expense of full global
coverage, and a continuing data set beginning in December of 1997 that provides more nearly global coverage. This
data set can be used for monitoring of long-term trends in total column ozone as well as seasonal chemical depletions
in ozone occurring in both southern and northern hemisphere polar spring. Other monitoring capabilities include
detection of smoke from bio-mass burning, identification of desert dust and other aerosols as well sulfur-dioxide and
ash emitted by large volcanic eruptions. A one and one half year gap exists in the long-term TOMS data record
between the failure of the Meteor-3 Spacecraft in December of 1994 and the beginning of the EP/TOMS data record
in July of 1996. In spite of this, the EP/TOMS data set represents a continuation of the TOMS dataset based on the
Nimbus-7 and Meteor-3 TOMS from October 31, 1978 through December 28, 1994, and on EP/TOMS from July 15,
1996 into the future. A follow-on TOMS experiment is scheduled to fly aboard a Russian Meteor-3M Spacecraft
planned to be launched in August of 2000.

The EP/TOMS is the first of three instruments built by Orbital Sciences Corporation to continue the TOMS Mission.
These instruments are similar in design to the previous TOMS instruments. They provide enhanced systems to
monitor long-term calibration stability, and a redefinition of two wavelength channels to aid in calibration monitoring
and to provide increased ozone sensitivity at very high solar zenith angles. One of the other new TOMS was flown
aboard the Japanese meteorological satellite, ADEOS, and the other is scheduled for launch aboard a Russian Meteor
Spacecraft in August of 2000. Further discussion of the EP/TOMS instrument is provided in Sections 2.1 and 3.

The EP/TOMS was the only instrument aboard an Earth Probe Satellite launched on July 2, 1996. It achieved its

initial orbit about 12 days later, and began taking measurements on July 15th. The EP/TOMS measures solar

irradiance and the radiance backscattered by the Earth's atmosphere in six selected wavelength bands in the
ultraviolet. It scans the Earth in 3-degree steps to 51 degrees on each side of the subsatellite point in a direction
perpendicular to the orbital plane.

The algorithm used to retrieve total column ozone (also referred to as total ozone) from these radiances and
irradiances is outlined in Section 2.2 and described in detail in Section 4. This algorithm is identical to the one used
for the Version 7 Nimbus—7 and Meteor-3 TOMS data archive. Because of this, the initial archive of the EP/TOMS
data set is also referred to as Version 7. A radiative transfer model is used to calculate backscattered radiances as a
function of total ozone, latitude, viewing geometry, and reflecting surface conditions. Ozone can then be derived by
comparing measured radiances with theoretical radiances calculated for the conditions of the measurement and
finding the value of ozone that gives a computed radiance equal to the measured radiance.

Section 2 provides a general overview of the EP/TOMS instrument, the algorithm, the uncertainties in the results, and
of other basic information required for best use of the data files. It is designed for the user who wants a basic
understanding of the products but does not wish to go into all the details. Such a user may prefer to read only those
parts of Sections 3 through 6 addressing questions of particular interest. In Section 3, the instrument, its calibration,
and the characterization of its changes with time are discussed. The algorithm for retrieval of total ozone and its
theoretical basis are described in Section 4. Section 5 describes the overall uncertainties in the ozone data and how



they are estimated, while Section 6 discusses particular problems that may produce errors in specific time intervals
and geographical areas. Both sections identify some anomalies remaining in the data and discuss what is known
about them. The structure of the data products is identical to those of previous TOMSs. This information is presented
in Section 7. Appendix A tabulates the standard atmospheric ozone and temperature profiles used in the algorithm
for ozone retrieval. Appendix B describes software available for reading the data files, and Appendix C provides
information on data availability. Appendix D contains a catalog of Earth Probe Spacecraft attitude anomalies that
affect the derived ozone at off-nadir scan positions by less than 1%.



2.0 OVERVIEW

2.1 Instrument

EP/TOMS was the only instrument aboard an Earth Probe satellite launched by a Pegasus XL rocket on July 2, 1996.
The satellite reached its initial orbit of 500 km at an inclination 98 degrees and a local equator crossing time of 11:16
AM some 12 days later, and regular ozone measurements began on July 25. The EP/TOMS experiment provides
measurements of Earth’s total column ozone by measuring the backscattered Earth radiance in the six 1-nm bands
listed in Table 3.1. The experiment uses a single monochromator and scanning mirror to sample the backscattered
solar ultraviolet radiation at 35 sample points at 3-degree intervals along a line perpendicular to the orbital plane. It
then quickly returns to the first position, not making measurements on the retrace. Eight seconds after the start of the
previous scan, another scan begins. The measurements used for ozone retrieval are made during the sunlit portions of
the orbit. In December of 1997, the EP/TOMS orbit was elevated to an altitude of 739 km with an inclination of
98.4. The local equator crossing time was unchanged. Figure 2.1 illustrates the resulting instantaneous fields of view
(IFOV) on the Earth’s surface for adjacent scans and adjacent orbits. In its initial operation, the scanner measured 35
scenes, one for each scanner view angle stepping from right to left. The lower orbit was selected to provide the higher
spatial resolution shown in Figure 2.1 at the expense of inter-orbit filling which would provide daily global coverage.
Global coverage was not a concern until failure of the Japanese meteorological satellite, ADEOS which carried a
TOMS and provided that function. After the orbit elevation, EP/TOMS gives better coverage between orbits resulting

in 90% daily global coverage.
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Figure 2.1 Earth Probe TOMS Instantaneous Fields of View Projected onto Earth's Surface. The right portion
(samples 18-35) of two consecutive scans are shown, and a portion of a scan from the previous orbit is also shown to
illustrate the degree of inter-orbit coverage at the equator for: a) 500 km orbit altitude, and b) 750 km orbit altitude.
The higher orbit after December 1997, results in 90% daily global coverage (84% at equator and 100% at 30
latitude).

The ozone retrieval uses a normalized radiance, the ratio of the backscattered Earth radiance to the incident solar
irradiance. This requires periodic measurements of the solar irradiance. To measure the incident solar irradiance, the
TOMS scanner is positioned to view one of three ground aluminum diffuser plates housed in a carousel. The selected
diffuser reflects sunlight into the instrument. The diffuser plate is the only component of the optical system not



common to both the Earth radiance and the solar irradiance measurement. Only a change in the reflectivity of the
diffuser plate can cause a change of the radiance/irradiance ratio with time. In principle, an accurate characterization
of these changes will yield the correct variation of this ratio, and hence, an accurate long-term calibration of the
instrument. The three diffuser plates are exposed at different rates, allowing calibration by examining the differences
in degradation of diffuser reflectivity resulting from the different rates of exposure. This approach was first used with
Meteor 3 TOMS (Jaross et al., 1995) and proved to be very successful. In addition, the EP/TOMS is equipped with
UV lamps for monitoring the reflectivity of the solar diffusers. A more detailed description of the instrument and its
calibration appears in Section 3.

2.2 Algorithm

Retrieval of total ozone is based on a comparison between the measured normalized radiances and radiances derived
by radiative transfer calculations for different ozone amounts and the conditions of the measurement. It is
implemented by using radiative transfer calculations to generate a table of backscattered radiance as a function of
total ozone, viewing geometry, surface pressure, surface reflectivity, and latitude. Given the computed radiances for
the particular observing conditions, the total ozone value can be derived by interpolation in radiance as a function of
ozone. It is also possible to reverse this process and use the tables to obtain the radiances that would be expected for
a given column ozone and conditions of the measurement. The logarithm of the ratio of this calculated radiance to the
measured radiance is the residue.

The reflecting surface is assumed to consist of two components, a surface component of lower reflectivity and a cloud
component of higher reflectivity. By comparing the measured radiance at the ozone-insensitive 360 hm wavelength
with that calculated for cloud and for ground reflection alone, the effective cloud fraction and the contribution from
each level can be derived. Using this effective cloud fraction and the radiances measured at one pair of wavelengths,
an initial ozone estimate is derived using the tables. This ozone estimate is then used to calculate the residues at all
TOMS wavelengths except the longest. A correction to the initial ozone estimate is then derived from the residues at
selected wavelengths. Applying this correction produces the Best Ozone value. The choice of wavelengths is based
upon the optical path length of the measurement. Section 4 provides a full description of the algorithm. The OPT has
developed algorithms for the derivation of other parameters from the TOMS measurements in addition to total ozone.
These include an estimate of UVB flux at the surface (Krotkov et al., 1998) and estimates of aerosol loading due to
the presence of atmospheric aerosols (Hsu et al., 1996; Seftor et al,. 1997; Herman et al., 1997; and Torres et al., 1995
and 1998a).

2.3 Data Uncertainties

Uncertainties in the ozone values derived from the TOMS measurements have several sources: errors in the
measurement of the radiances, errors in the values of input physical quantities obtained from laboratory
measurements, errors in the parameterization of atmospheric properties used as input to the radiative transfer
computations, and limitations in the way the computations represent the physical processes in the atmosphere. Each
of these sources of uncertainty can be manifested in one or more of four ways: random error, an absolute error that is
independent of time, a time-dependent drift, or a systematic error that will appear only under particular
circumstances. For EP/TOMS total ozone, the absolute ee@ fgercent, the random errori® percent (though
somewhat higher at high latitudes) and the drift after 1.5 years of operation is les®OtBgrercent. More detailed
descriptions of the different sources of uncertainty and the extent to which each contributes to the overall uncertainty
appear in Sections 3, 5, and 6. Section 3 discusses uncertainties due to errors in the characterization of the instrument
sensitivity. Section 5 discusses other sources of random errors, absolute error, and drift, combining them with the
instrument error to yield the overall estimates given above. Section 6 discusses errors that are limited in their scope to
specific times, places, and physical conditions. Sections 5 and 6 also describe the remaining anomalies that have been
identified in the EP/TOMS data set, with a discussion of what is known of their origin.

Comparisons between EP/TOMS and ground based measurements of total ozone indicate that the EP/TOMS data are
consistent with these uncertainties. The EP/TOMS ozone is approximately 1.0% higher than a 30 station network of
ground measurements. Nimbus-7 TOMS is about 0.5% higher than a similar ground based network (McPeters and



Labow, 1996) and Meteor-3 TOMS is not significantly different from the same network. None of the TOMS ozone
data sets show any significant drift relative to the ground based networks.

Data quality flags are provided with the derived ozone in the TOMS Ozone File (Level-2 data product). Only the
data quality flag values of O are used to compute the averages provided on the CDTOMS (Level-3) product. Other
flag values indicate retrieved ozone values that are of lower quality, allowing the users of Level-2 to decide whether
or not they wish to accept such data for their applications.

2.4 Archived Products

The EP/TOMS total ozone products are archived at the GSFC DAAC in Hierarchical Data Format (HDF). There are
two kinds of total ozone products: the TOMS Ozone File or Level-2 Data Product, and the CDTOMS or Level-3 Data
Product. The TOMS Ozone File contains detailed results of the TOMS ozone retrieval for each IFOV in time
sequence. One file contains all the data processed for a single orbit. The CDTOMS contains daily averages of the
retrieved ozone and effective surface reflectivity in a 1-degree latitude by 1.25-degree longitude grid. In areas of the
globe where orbital overlap occurs, the view of a given grid cell closest to nadir is used, and only good quality
retrievals are included in the average. Detailed descriptions of these products are provided in Section 7. Each
CDTOMS file contains one daily TOMS map (0.4 megabyte/day).

2.5 Near Real-Time Products

The EP/TOMS Level-3 data are also made available in near real-time over the internet. The near real-time products
are not to be considered of the same high quality as those available through the archive, but they can be accessed
earlier through the EP/TOMS Web Site at “http://jwocky.gsfc.nasa.gov/eptoms/ep.html”.



3.0 INSTRUMENT

3.1 Description

The TOMS on board the Earth Probe satellite measures incident solar radiation and backscattered ultraviolet sunlight.
Total ozone was derived from these measurements. To map total ozone, TOMS instruments scan through the sub-
satellite point in a direction perpendicular to the orbital plane. The Earth Probe TOMS instrument is identical to two
other new TOMS instruments, one of which was flown aboard the Japanese Meteorological Satellite ADEOS 1 in
1996, the other is scheduled for launch aboard a Russian Meteor Spacecraft in August of 2000. These three are
essentially the same as the first two TOMS, flown aboard Nimbus 7 and Meteor 3: a single, fixed monochromator,
with exit slits at six near-UV wavelengths. The slit functions are triangular with a nominal 1-nm bandwidth. The
order of individual measurements is determined by a chopper wheel. As it rotates, openings at different distances
from the center of the wheel pass over the exit slits, allowing measurements at the different wavelengths. The order is
not one of monotonically increasing or decreasing wavelength; two samples at each wavelength are interleaved in a
way designed to minimize the effect of scene changes on the ozone retrieval. The Instantaneous Field of View (IFOV)
of the instrument is 3 degrees x 3 degrees. A mirror scans perpendicular to the orbital plane ins3eghsgreen 51

degrees on the left side of spacecraft nadir to 51 degrees on the right (relative to direction of flight), for a total of 35
samples. At the end of the scan, the mirror quickly returns to the first position, not making measurements on the
retrace. Eight seconds after the start of the previous scan, another begins.

On previous TOMS consecutive cross scans overlapped, creating a contiguous mapping of ozone. The low altitude of
EP/TOMS (500 km) meant less overlap for EP/TOMS than for N7/TOMS (935 km), or M3/TOMS (1050 km), or
ADEOS TOMS (800 km). Overlap occurred poleward of 50 degrees. The initial mean localtime of the ascending
node was 11:16 AM, and remained in the range from 11:03 AM to 11:30 AM throughout the first year. The orbital
inclination was 97.55 deg. and remained essentially unchanged until the orbit was raised. Orbital altitude was 500
km, decaying to 495 km after 1 year. This translates to an orbital period of 94 min. 44 sec. at launch. Between
December 4th and 12th of 1997, the Earth Probe orbit was raised to a mean altitude of 739 km. The new orbital
period is 99.7 min. and has a 98idclination. The time of the ascending node is essentially unchanged.

One significant difference in the new TOMS series from the previous Nimbus-7 and Meteor 3 TOMS is a change in
the wavelength selection for the 6 channels of the three new instruments. Four of the nominal band center
wavelengths (Table 3.1) remain the same on all TOMS. Channels measuring at 340 nm and 380 nm have been
eliminated in favor of 309 nm and 322 nm on the new TOMS. Ozone retrieval at 309 nm is advantageous because of
the relative insensitivity to calibration errors, though retrievals are limited to equatorial regions. Ozone retrievals at
high latitudes are improved because 322 nm is a better choice for the optical paths encountered there.

Backscatter ultraviolet instruments measure the response to solar irradiance by deploying a ground aluminum diffuser
plate to reflect sunlight into the instrument. Severe degradation of the Nimbus—7 diffuser plate was observed over its
14.5 year lifetime, and determining the resultant change of the instrument sensitivity with time proved to be one of
the most difficult aspects of the instrument calibration (Cebula et al., 1988; Fleig et al., 1990, Herman et al., 1991;
McPeters et al., 1993; Wellemeyer et al., 1996). The three-diffuser system aboard Meteor—3 and subsequent TOMS
reduces the exposure and degradation of the diffuser used for the solar measurements and allows calibration through
comparison of signals reflected off diffusers with different rates of exposure. The diffusers, designated Cover,
Working, and Reference, are arranged as the sides of an equilateral triangle and mounted on a carousel, so that a given
diffuser can be rotated into view on demand. The Reference diffuser is normally exposed for one sequence every 5
weeks, the Working diffuser every week, and the Cover diffuser is exposed for the remainder of the time whether or
not the solar flux is being measured. Comparison of the solar irradiance measurements from the different diffusers is
used to infer that the degradation of the Reference diffuser on EP/TOMS was negligible during the initial low orbit
period.

A new feature on EP/TOMS is the ability to monitor solar diffuser reflectance. A device referred to as the

Reflectance Calibration Assembly (RCA) was added to the new series of TOMS. This assembly employs a phosphor
light source with peak emission over the TOMS wavelength range. When powered on, the lamp illuminates the
exposed diffuser surface which is then viewed using the TOMS scan mirror. The scan mirror also rotates to view the



phosphor surface directly. The ratio of signals in the two scan mirror positions is a measure of relative diffuser
reflectance.

The EP/TOMS has eleven operating modes during normal operations. The most important of these are:

Standby mode

Scan mode

Solar calibration mode
Wavelength monitoring mode
Electronic calibration mode

Reflectance calibration mode

N o o b~ w Ddh P

Direct control mode

The primary operating mode of the TOMS is scan mode. It is in this mode that the scanning mirror samples the 35
scenes corresponding to the scanner view angles, measuring the backscattered Earth radiances used for deriving col-
umn ozone. During the nighttime portion of the orbit the instrument is placed in standby mode, at which time the scan
mirror points into the instrument at a black surface. During solar calibration mode the scanner moves to view the ex-
posed diffuser surface. The remaining modes are specialized for calibration purposes as the names indicate. The direct
control mode was also used several times in early 1997 to stop instrument scanning and make a continuous series of
measurements along a single ground track.

3.2 Radiometric Calibration

Conceptually, the calibration of the TOMS measured Earth radiance and solar irradiance may be considered
separately. The Earth radiance can be written as a function of the instrument counts in the following way:

Im(t)z CrkrGrfinst(t) @)
where
IL(t) = derived Earth radiance,
C, = counts detected in earth radiance mode,
K = radiance calibration constant,
G, = gain range correction factor, and

_,,
|

inst = correction for instrument changes.

The measured solar irradiance, can be written as:

= C.kG.f. 2
F(D= CikiG; fi (1) / gp(t) 2)
where

o = irradiance mode counts,

k; = irradiance calibration constant,

G = (gain range correction factor,

finst = correction for instrument changes,

p(t) = solar diffuser plate reflectivityp( (t =0) =1), and

g = relative angular correction for diffuser reflectivity.

In practice, however, there is no attempt to accurately determarelseparately, either their absolute value or time
dependent changes. The primary quantity measured by TOMS and used to derive ozone is the normalized radiance,



I/ Fn,- The advantage of this approach is that the spectrometer sensitivity changes affecting both the Earth and solar
measurementsf(,., ) cancel in the ratio.

The ratio becomes:

b _Cr, G

Fm G G
where K is a combined calibration constant for TOMS normalized radiances referred to as the albedo calibration
constant (Table 3.1). Radiance and irradiance measurements are generally made in different gain ranges, but evidence
indicates that G has been properly characterized (see Section 3.4). The initial absolute TOMS calibration therefore,
involves knowledge of the quantity,gtk. Since the instrument changes affecting both the Earth and solar
measurements cancel in the ratio, the quantity critical to the time-dependent calibration of the normalized radiance is
the diffuser plate reflectivityp(t). The angular dependence, g, is primarily required to correct for the diffuser Bi-
directional Reflectivity Distribution Function (BRDF), but also contains the small correction due to light scattered

from the instrument.

gp(t) 3

Table 3.1.Earth Probe TOMS Albedo Calibration Constants and Gain Range Ratios.

Wavelength Albedo Cal Constant Adjustment Factor
(nm) (steradian’) (ratio)
308.60 0.087 1.015
313.50 0.088 1.015
317.50 0.089 1.012
322.30 0.088 1.010
331.20 0.091 1.009
360.40 0.094 1.000
Gain Range Ratios
Range 2/1 Range 3/2
10.027 9.999

3.2.1 Prelaunch Calibration

Earth Probe TOMS prelaunch characterization included determination of the albedo calibrations, K, and band center
wavelengths. Both of these are reported in Table 3.1. Several different methods were employed to measure the values
of K for the six TOMS channels. These included separate characterization of radiance and irradiance sensitivity and
direct measurement of the flight diffuser reflectance. Only one method was chosen to represent the instrument
calibration.

The technique selected to calibrate the instrument radiance and irradiance sensitivity ratio (albedo calibration)
involves calibration transfer from a set of laboratory diffuser plates. These Spectralon diffusers were independently
characterized by GSFC and by NIST. A NIST-calibrated tungsten-halogen lamp is used to illuminate a Spectralon
plate which in turn is viewed by the instrument. This yields an estimate of the radiance calibration con3tamts k
same lamp illuminating the instrument directly yields the irradiance calibration constanth ratio of calibration
constants many systematic error sources, such as absolute lamp irradiance, cancel. The imhiscofleasured at
various illumination angles to determine the angular correction g.

The film strip technique was used to determine instrument wavelength selection. Photo-sensitive film is placed to
cover the six exit slits prior to final instrument assembly. An image of the exit slits is obtained by exposing the film
with the slit plate acting as a mask. The film is then exposed through the monochromator using several emission line
sources placed at the entrance slit of the instrument. The film images of these lines overlap the exit slit images, thus



providing for relative measurement of the two. Several films are used to provide optimum exposure and to give the
best estimate for band centers.

A reassessment of the film strip data from ADEOS TOMS revealed a deviation from the nominal band center
wavelength of the 312.5 nm and 360 nm channels of 0.02 nm and 0.3 nm respectively. These errors were determined
by comparing the slit position on the film with positions of nearby emission lines. A similar analysis performed for
the EP/TOMS film strip data yielded a 0.3 nm error in the 360 nm channel, but no error at 312.5 nm. No adjustment
has been applied to the data to account for the 360 nm error. A 0.3-0.4 N-value error in the aerosol index results, and
derived ozone is systematically high by approximately 0.5%. This ozone error is reflected in the time invariant
wavelength calibration uncertainty in Table 5.1.

3.2.2 Radiance-Based Calibration Adjustments

The initial albedo calibrations of the wavelengths were adjusted prior to processing. The main motivation for this
adjustment is algorithmic. Since different wavelengths are used to determine total ozone in different solar zenith
angle regimes, it is imperative that the wavelength dependence of the initial calibration be consistent with the forward
model calculation of the theoretical radiances used in the retrieval. Any inconsistencies can be identified through
analysis of the residues (see Section 4.5 for further discussion of the residues). In cases where the A-triplet (313 nm,
331 nm, and 360 nm) wavelengths are used to determine total ozone and effective reflectivity, adjusted residues can
be computed for the remaining wavelengths (309 nm, 318 nm, and 322 nm). These residues specifically characterize
the inconsistency of the measured radiances with the total ozone and reflectivity derived using the A-triplet. Modal
residues to A-triplet retrievals from the equatorial region were used to estimate the necessary adjustments (see Table
3.1). No adjustment has been made to the absolute scale (360 nm albedo calibration value). Since these adjustments
were based on data from the first few days of operation, some small inconsistencies remain, on average, in the data
(Figure 4.1), but these are well within the error budget discussed in Section 5.

3.2.3 Time-Dependent Calibration

As discussed in the introduction to this section, the time-dependent calibration requires a correction for changes in the
reflectivity of the solar diffuser plate. The EP TOMS was equipped with a carousel with three diffusers that were
exposed to the degrading effects of the Sun at different rates. The cover diffuser was exposed almost constantly, but
the working diffuser was exposed weekly, and the reference diffuser was exposed once every 5 weeks. While the
cover diffuser degraded quite rapidly, working and reference diffuser degradation has been minor.

Evidence for Working surface reflectance change has been observed through comparison of working and reference
solar signals. By assuming that reflectance change is proportional to solar exposure amount we have estimated the
total reflectance decrease in the working surface. Decreases at the end of 1997 relative to the initial values were 0.7%
and 1.0% at 360 nm and 309 nm, respectively. The uncertaint§).i¥4. However, the decreases scale linearly with
wavelength. Therefore, changes in triplet wavelength combinations are insignificant at the level of 0.1% (see
discussion in Section 4.5). As a consequence, we have not applied a correction to existing data to account for diffuser
degradation. We treat all solar data from the working surface as though its reflectance has remained constant.

Solar measurements are made near the northern terminator when the trailing side of the spacecraft and the TOMS
solar diffuser carousel are exposed to the sun. Weekly measurements of the Working surface are presented in Figure
3.1, where the initial values have been normalized to 1 and signals have been corrected for sun/earth distance. These
plots represertf,s; (equation 2) since we have assumed no degradation of the Working surface. In the figure, the 360
nm signal is shown along with the 331/360 nm signal ratio and the A triplet wavelength combination. The nearly 25%
decrease at 360 nm is substantial, greater than previous TOMS instruments. The decrease in throughput is believed to
be optical degradation of the fore-optics, probably the scan mirror. A curious feature is observed in ratios to the 360
nm channel, and exemplified by the 331/360 nm plot. The rate of decrease in instrument throughput was initially
greater at shorter wavelengths, but reversed after 6 months. The reasons for this are not completely understood. It
appears to be the result of two competing changes, one where sensitivity decrease is greater at short wavelengths and
one where it is greater at long wavelengths.
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Figure 3.1. Estimated Change in EP/TOMS Instrument Sensitivity Based on Solar Measurements Using the Working
and Reference Diffusers. Working diffuser solar measurements (+), and fit characterizations used in the archive
processing (solid line) are shown.
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The solar Working measurements have been used to characterize the instrument calibration for the near real-time
product. Since Cand G of equation 3 cannot be measured simultaneouslyust be characterized at the time at

which G are measured. A regression of existing solar data is performed every week to predict the ydbretiuod C

coming week. These predictions are shown overplotted in Figure 3.1. In near real-time mode, the regression changes
each week with the addition of new data, so small weekly discontinuities result. Also, regressions are performed for
360 nm and the five wavelength ratios to that channel. This results in a somewhat poorer prediction for the triplet
combinations, the characterizations which most affect ozone. Deviations typically do not exceed 0.3% in equivalent
ozone.

The earth radiance data from 1996 have been reprocessed. The characterizatimedff@ this reprocessing was

based on a smooth polynomial regression of the 1996 solar data. The near real-time predictions described above begin
in 1997. The EP TOMS data are being archived in this form in 1998, and may be reprocessed using a smooth function
later in the life of the mission.

3.3 Wavelength Monitoring

Following the laboratory wavelength calibration, an on-board wavelength monitor has tracked changes in the
wavelength scale, both before launch and in orbit. Change might be produced by excessive temperature differentials
or mechanical displacement of the wavelength-determining components resulting from shock or vibration. Scans of
an internal mercury-argon lamp for in-flight monitoring of the wavelength selection are executed once per week
during nighttime. The wavelength calibration is monitored by observing two wavelength bands on either side of the
296.7-nm Hg line. Relative changes in the signal level indicate wavelength shifts. These shifts are nearly equivalent at
all 6 wavelengths. There is no evidence of any prelaunch wavelength drift. Wavelength monitor results indicate a drift
in band centers since launch of less than 0.02 nm. Changes in the instrument wavelength selection of this magnitude
are not considered significant for ozone retrieval.

3.4 Gain Monitoring

The current from the Photo-Multiplier Tube (PMT) is fed to three electronic amplifiers in parallel, each of which
operates in a separate gain range. The choice of amplifier recorded for output is based upon the signal level. Thus,
knowledge of the gain ratios between ranges represents part of the determination of instrument linearity, and the
stability of the gain ratios can affect the time-dependent calibration of the normalized radiance (Equation 3). The two
ratios were determined electronically prior to launch. The value of the ratios directly affects the ozone retrieval
because the solar calibration takes place exclusively in the least sensitive range, while earth measurements occur in all
three ranges.

In the postlaunch phase, the gain ratios are monitored using signals which are simultaneously amplified in all three
ranges. These simultaneous readings are reported in the instrument telemetry for one scene each scan. Thus earth
radiances can be used to verify the interrange ratios when the signals fall within the operating range for both
amplifiers. This tends to occur near the day/night terminator in the orbit. Interrange ratios have been found to be
constant in time, with average values close to the prelaunch characterization. The postlaunch averages used in ozone
processing are reported in Table 3.1.

3.5 Attitude Determination

The spacecraft attitude has been well maintained since launch. Apparent large excursions (up to 40 deg.) have been
observed in the horizon sensor, but these individual measurements do not represent true attitude changes and are
averaged for 16 sec before being used for attitude adjustment. These excursions occurred several times per month on
average during the low orbit period. They are believed to be caused by high energy particles creating noise in the
attitude sensor. Maximum errors in the actual attitude have been 0.6 deg. in roll and pitch, and the mean value was
about 0.1 deg. The errors arise when the spacecraft corrects for the perceived attitude error. Excursions always last
less than 2 minutes and occur throughout the orbit. Yaw excursions can be slightly larger (~1 deg. max.) and longer in
duration (~3 min.), but are correlated in time with roll/pitch changes. The effect of these attitude errors on solar
calculations is negligible. Errors in retrieved ozone resulting from altitude errors are typically 1 D.U. or less and are
always less the 4 D.U. These significant errors tend to be limited to the extreme off-nadir scenes. A table of orbits and
times when large attitude excursions occurred is given in Appendix D.
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3.6 Validation

Several techniques are employed to validate characterizations of instrument performance. Among these is an internal
method based on the residues described in Section 4.5. Monitoring the triplet residue for the 309 nm channel is
equivalent to the pair justification method (Herman et al., 1991). This method is being used to verify wavelength
dependent changes in the spectrometer sensitivity, but cannot detect absolute changes at a single wavelength.

The spectral discrimination technique was first applied as the primary calibration technique for the Nimbus 7 TOMS,
which had no on-board diffuser calibration apparatus (Wellemeyer et al., 1996). This method has been applied to the
EP/TOMS data record. The trend in the 331 nm residue over highly reflective equatorial clouds indicates that the
wavelength dependent calibration of EP/TOMS is stable to within a few tenths of a percent. Using the spectral
discrimination technique, the difference in trend between the 331 nm residue over low reflecting surfaces and the 331
nm residue over highly reflective clouds can be used to derive the drift in calibration at the 360 nm reference channel.
This analysis indicates a small upward trend in derived surface reflectivity of approximately 0.5 percent over the first
1.5 years. This drift, which is consistent with our estimate of working diffuser degradation would have no significant
effect on derived ozone.

Absolute changes in spectrometer sensitivity have also been observed by studying signals measured at the nadir over
Antarctica and Greenland and corrected for solar zenith angle dependence. The ice signal time series is plotted with
the solar Working measurements in Figure 3.2. Greenland and Antarctica results have been combined in a single data
set by normalizing results during their overlap at the first equinox. Solar and ice data are further normalized to 1
during the first week of data. Ice results represent weekly average sensitivity values determined for all available
zenith angles up to 83 degrees. The solar and ice results at 360 nm exhibit good agreement, with deviations of less
than 1%.
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Figure 3.2. Comparisons of estimates of instrument change in the EP/TOMS based on solar output and the
reflectivity of Antarctica and Greenland.
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4.0 ALGORITHM

The Earth Probe TOMS algorithm is based on the one used for Nimbus-7 and Meteor-3 TOMS. The major differences
concern the use of the 360 nm wavelength for reflectivity instead of 380 nm and the use of 322 nm and 331 nm in the
C-triplet instead of 331 nm and 340 nm for ozone determination. The Earth Probe and ADEOS TOMS algorithms are
identical except for small differences in the band center wavelengths.

4.1 Theoretical Foundation

To interpret the radiance measurements made by the TOMS instrument requires an understanding of how the Earth’s
atmosphere scatters ultraviolet radiation as a function of solar zenith angle. Incoming solar radiation undergoes
absorption and scattering in the atmosphere by atmospheric constituents such as ozone and aerosols and by Rayleigh
scattering. Radiation that penetrates to the troposphere is scattered by clouds and aerosols, and radiation that reaches
the ground is scattered by surfaces of widely varying reflectivity.

The backscattered radiance at a given wavelength depends, in principle, upon the entire ozone profile from the top of
the atmosphere to the surface. The three shortest wavelengths used in the TOMS ozone measurements were selected
because they are strongly absorbed by ozone. At these wavelengths, absorption by other atmospheric components is
negligible compared to that by ozone.

At all of the TOMS wavelengths, the backscattered radiance consists primarily of solar radiation that penetrates the
stratosphere and is reflected back by the dense tropospheric air, clouds, aerosols, and the Earth’s surface. The
intensity is determined primarily by the total optical depth above the scattering layer in the troposphere. The amount
of ozone below the scattering layer is small and can be estimated with sufficient accuracy to permit derivation of total
column ozone. Because most of the ozone is in the stratosphere, the principal effect of atmospheric ozone at these
wavelengths is to attenuate both the solar flux going to the troposphere and the component reflected back to the
satellite.

Derivation of atmospheric ozone content from measurements of the backscattered radiances requires a treatment of
the reflection from the Earth’s surface and of the scattering by clouds and other aerosols. These processes are not
isotropic; the amount of light scattered or reflected from a given scene to the satellite depends on both the solar zenith

angle and view angle, the angle between the scene and the nadir as seen at the satellite.

Earlier TOMS algorithms, previous to the current version 7 algorithm, were based on the treatment of Dave (1978),
who represented the contribution of clouds and aerosols to the backscattered intensity by assuming that radiation is
reflected from a particular pressure level called the “scene pressure,” with a Lambert-equivalent “scene reflectivity”

R. When this method was applied, at the non-ozone-absorbing wavelengths the resulting reflectivity exhibited a
wavelength dependence correlated with partially clouded scenes. To remove this wavelength dependence, a new
treatment has been developed, based on a simple physical model that assumes two separate reflecting surfaces, one
representing the ground and the other representing clouds. The fractional contribution of each to the reflectivity is
obtained by comparing the measured radiances with the values calculated for pure ground and pure cloud origin.

The calculation of radiances at each pressure level follows the formulation of Dave (1964). A spherical correction for
the incident beam has been incorporated, and Version 7 treats molecular anisotropy (Ahmad and Bhartia, 1995).
Consider an atmosphere bounded below by a Lambertian reflecting surface of reflectivity R. The backscattered
radiance emerging from the top of the atmosphere as seen by a TOMS instryméstthe sum of purely
atmospheric backscatteg &nd reflection of the incident radiation from the reflecting surface |

I (A 8,85,Q,Pg,R) = 1,(A,8,65,0,Q,Py) +1,(A, 6,645, ¢ QP,.R) 4
where
A = wavelength,
0 = satellite zenith angle, as seen from the ground,
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solar zenith angle,

azimuth angle,

column ozone amount,

pressure at the reflecting surface, and
effective reflectivity at the reflecting surface.
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R

The surface reflection term can be expressed as follows:

where
RT(A8,0,, Q,Pg) g )
1.(AB,8,,Q,P,R) = an 5
s 0 oR 1-R§,MQ, Py
T(AB,64,Q,Py) =14(A6,6,,Q,Py) f(A.8,Q,Py) (6)
where
S, = fraction of radiation reflected from surface that atmosphere reflects back to surface,
g = total amount of direct and diffuse radiation reaching surfacg, at P
f = fraction of radiation reflected toward satellite in directiothat reaches satellite,

and the other symbols have the same meaning as before. The denominator of Equation 5 accounts for multiple
reflections between the ground and the atmosphere.

The intensity of radiation as it passes through a region where it is absorbed and scattered can be described in general
terms as having a dependenéédxp(x). For a simplified case, where all processes can be treated as absorption, the
optical deptht depends on the number of absorlbems a column and the absorption efficiercyf the absorbers;

that is, 10 exp(a). The column number should thus scale approximately as -log I. The ozone algorithm therefore
uses ratio of radiance to irradiance in the form of the N-value, defined as follows:

N =-100 lOQLOEII_:E' (7)

The N-value provides a unit for backscattered radiance that has a scaling comparable to the column ozone; the factor
of 100 is to produce a convenient numerical range. (This same definition is used in the derivation of ozone from the
ground-based Dobson and Brewer networks).

The basic approach of the algorithm is to use a radiative transfer model to calculate the N-values that should be
measured for different ozone amounts, given the location of the measurement, viewing conditions, and surface
properties, and then to find the column ozone that yields the measured N-values. In practical application, rather than
calculate N-values separately for each scene, detailed calculations are performed for a grid of total column ozone
amounts, vertical distributions of ozone, solar and satellite zenith angles, and two choices of pressure at the reflecting
surface. The calculated N-value for a given scene is then obtained by interpolation in this grid of theoretical N-
values.

The ozone derivation is a two-step process. In the first step, an initial estimate is derived using the difference between
N-values at gair of wavelengths; one wavelength is significantly absorbed by ozone, and the other is insensitive to
ozone. Use of a difference provides a retrieval insensitive to wavelength-independent errors, in particular, any in the
zero-point calibration of the instrument. In deriving the initial estimate, the same pair is always used.

In the second step, N-values are calculated using this ozone estimate. In general, these calculated values will not
equal the measured N-values. The differences, in the sgpge N, are called theesiduesUsing the residues at

a properly chosetriplet of wavelengths, it is possible to simultaneously solve for a correction to the original ozone
estimate and for an additional contribution to the radiances that is linear with wavelength, arising primarily from
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wavelength dependence in the surface reflectivity but also possibly originating in the instrument calibration. The
triplet consists of two pair wavelengths, as described above, plus 360 nm, which is insensitive to ozone. The pair
wavelengths used are those most sensitive to ozone at the optical path length of the measurement. The separation of
the 360-nm wavelength from the pair wavelengths is far larger than the separation between the pairs; thus, the 360-nm
measurement provides a long baseline for deriving wavelength dependence. This process may be iterated, using the
results of the first triplet calculation as the new initial estimate. Table 4.1 lists the wavelengths of the pairs and triplets.

Table 4.1. Pair/Triplet Wavelengths

Pair/Triplet Ozone Sensitive  Ozone Insensitive Reflectivity Range of Application
Designation Wavelength (nm) Wavelength (nm) Wavelength (nm) (optical path s)

A 312.6 331.3 360.4 s

B 317.6 331.3 360.4 3s>1

C 322.4 331.3 360.4 s>3

4.2 Calculation of Radiances

To carry out the calculation described in Section 4.1 requires the following information:

» Ozone absorption coefficients as a function of temperature for the wavelengths in the TOMS bandpasses.
» Atmospheric Rayleigh scattering coefficients.

» Climatological temperature profiles.

» Climatological ozone profiles.

» Solar zenith angle.

» Satellite zenith angle at the IFOV.

» Angle between the solar vector and the TOMS scan plane at the IFOV.

» Pressure at the reflecting surface.

Because of the its finite bandwidth, TOMS does not measure a monochromatic radiance. For comparison with the
TOMS measurements, radiances are calculated at approximately 0.05-nm intervals across each of the TOMS slits,
using the appropriate absorption coefficient and temperature dependence (Paur and Bass, 1985) for each wavelength.
The I/F for the entire band, Af), is then given by the following expression:

A()\O) =IA()\)F()\)S()\)d)\/IF()\)S()\)d)\ (8)
where
AN = llz(—))‘\)) at wavelengti,
FA) = soﬁar flux at wavelength,
I(A) = earth radiance at wavelengthand
S(\) = Instrument response function at wavelength

The wavelength dependence of the solar flux is based on SOLSTICE measurements (Woods et al., 1996). This
detailed calculation replaces the effective absorption coefficients used in Version 6.

Table 4.2 shows effective absorption coefficients for the EP/TOMS wavelengths. As discussed above, effective
absorption coefficients are not used in the Version 7 algorithm. The same method of calculation was used as in
Version 6, integrating the monochromatic laboratory values over the TOMS bandpass for the following conditions: a
mid-latitude profile forQ = 350, a path length of 2.5, and a wavelength-independent solar flux. These effective
absorption coefficients are given in Table 4.2. Because the effective absorption coefficient depends on the ozone
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profile, optical path length, and solar flux spectrum, the Version 7 technique of calculating I/F at individual
wavelengths and then integrating over the TOMS bandpass eliminates the imprecision arising from using one set of
effective absorption coefficients, derived for a particular set of conditions, for all calculations. Table 4.2 also contains
the Rayleigh scattering coefficients and the regression equations used for the temperature dependence of the ozone
coefficients. The values shown in the table are purely to illustrate the magnitude of the change; they have not been
used in the algorithm.

Table 4.2. Effective Absorption and Scattering Coefficients

Effective Ozone

Vacuum Wavelength Absorption Coefficient Temperature Dependence Rayleigh Scattering
(nm) (atm-cmit) at 0°C Coefficients Coefficient (atrit)
(Co) Cy C
308.65 3.23 7.89 x I 3.79x 10° 1.077
312.56 1.83 6.10 x I® 3.15x 10° 1.020
317.57 0.973 3.59 x 19 2.11x 10° 0.953
322.37 0.536 2.08 x 19 1.21 x 10° 0.894
331.29 0.165 9.10x 10 4.94 x 10° 0.795
360.40 <10 - - 0.557

Correction to ozone absorption for temperature:
Ozone absorption =+ C;T + G,
(where T is in degrees C)

Ozone and temperature profiles were constructed using a climatology based on SBUV measurements above 15 km
and on balloon ozonesonde measurements (Klenk et al., 1983) for lower altitudes. Each standard profile represents a
yearly average for a given total ozone and latitude. Profiles have been constructed for three latitude bands: low
latitude (15 degrees), mid-latitude (45 degrees), and high latitude (75 degrees). There are 6 profiles at low latitudes
and 10 profiles each at middle and high latitudes, for a total of 26. These profiles cover a range of 225-475 D.Us. for
low latitudes and 125-575 for middle and high latitudes, in steps of 50 D.Us. The profiles are given in Appendix A.

Differences between these assumed climatological ozone profiles and the actual ozone profile can lead to errors in
derived total ozone at very high solar zenith angles. The longer wavelength triplets are used at high path lengths
because they are much less sensitive to profile shape effects. The differential impact of the profile shape error at the
different wavelengths indicates, however, that profile shape information is present in the TOMS measurements at high
solar zenith angles. An interpolation procedure has been developed to extract this information (Wellemeyer et al.,

1997), and implement it in the Version 7 algorithm.

To use the new Version 7 ozone profile weighting scheme for high path lengths, it was necessary to extend the
standard profiles beyond the available climatology. To minimize the use of extrapolation in this process, profile
shapes were derived by applying a Principal Component Analysis to a separate ozone profile climatology derived
from SAGE Il (Chu et al., 1989) and balloon measurements to derive Empirical Orthogonal Functions (EOFs). The
EOFs corresponding to the two largest eigenvalues represented more than 90 percent of the variance. The EOF with
the greatest contribution to the variance was associated with variation in total ozone. The second most important EOF
was associated with the height of the ozone maximum and correlated well with latitude, showing a lower maximum at
higher latitude. This correlation was used as the basis for lowering the heights of the ozone maxima at high latitudes
and raising them in the tropics when extending the original climatology to represent the more extreme profile shapes
(Wellemeyer et al., 1997).

Given the wavelength, total ozone and ozone profile, surface pressure, satellite zenith angle at the field of view, and
solar zenith angle, the quantitigg, Il,, T, and § of Equations 4 and 5 can then be calculated at the six TOMS
wavelengths. For the tables used in the algorithm, these terms are computed at the TOMS wavelengths for all 26
standard profiles and two reflecting surface pressure levels (1.0 atm and 0.4 atm). For each of thggd gasess |
calculated for 10 choices of solar zenith angle from 0-88 degrees, spaced with a coarser grid at lower zenith angles
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and a finer grid for higher zenith angles, and for six choices of satellite zenith angle, five equally spaced from 0-60
degrees and one at 70 degrees. In Version 6, the tables extended only to a satellite zenith angle of 63.3 degrees. The
fraction of reflected radiation scattered back to the surfacep®s not depend on solar or satellite zenith angle.

4.3 Surface Reflection

To calculate the radiances for deriving ozone from a given measurement requires that the height and reflectivity of the
reflecting surface be known. The TOMS algorithm assumes that reflected radiation can come from two levels, ground
and cloud. The average ground terrain heights are from the National Oceanic and Atmospheric Administration
(NOAA) National Meteorological Center (NMC), provided in km for a 0.5-degree x 0.5-degree latitude and longitude
grid. These heights are converted to units of pressure using a U.S. Standard Atmosphere (ESSA, 1966) and
interpolated to the TOMS IFOVs to establish the pressure at the Earth’s surface. Probabilities of snow/ice cover from
around the globe are collected by the Air Force Global Weather Center and mapped on a polar stereographic
projection. These data have been averaged to provide a monthly snow/ice climatology mapped onto a 1-degree x 1-
degree latitude and longitude grid and used to determine the presence or absence of snow in the TOMS IFOV. If the
probability is 50 percent or greater, snow/ice is assumed to be present. For cloud heights, a climatology based upon
the International Satellite Cloud Climatology Project (ISCCP) data set is used. It consists of the climatological
monthly averages over a 0.5 x 0.5-degree latitude-longitude grid. The impact of the use of this climatology on the
TOMS derived ozone is discussed in Hsu et al., 1997.

Reflectivity is determined from the measurements at 360 nm. For a given TOMS measurement, the first step is to
determine calculated radiances at 360 nm for reflection off the ground and reflection from cloud, based on the tables
of calculated 360-nm radiances. For reflection from the ground, the terrain height pressure is used, and the reflectivity
is assumed to be 0.08. For cloud radiances, a pressure corresponding to the cloud height from the ISCCP-based
climatology is used, and the reflectivity is assumed to be 0.80. The ground and cloud radiances are then compared
with the measured radiance. §fdund< Imeasured lclous @nd snowfice is assumed not to be present, an effective
cloud fractionf is derived using

| |
;= measured ground_ )

Lcloud™ Iground

If snow/ice is assumed to be present, then the valties afivided by 2, based on the assumption that there is a 50-50
chance that the high reflectivity arises from cloud. The decredsadans that there is a smaller contribution from
cloud and a higher contribution from ground with a high reflectivity off snow and ice. Equation 9 is solved for a
revised value of 4oyng and the ground reflectivity is calculated from Equation 5. For the ozone retrieval, the
calculated radiances are determined assuming that a frdatibthe reflected radiance comes from cloud with
reflectivity 0.80, and a fractioh-f from the ground, with reflectivity 0.08 when snow/ice is absent and with the
recalculated reflectivity when snow/ice is present. An effective reflectivity is derived from the cloud fraction using the
following expression:

R =Ry(1-f) + Rf (10)

where Ry is 0.08 when snow/ice cover is assumed absent and has the recalculated value when it is assumed present.
This reflectivity is included in the TOMS data products but plays no role in the retrieval.

If the measured radiance is less than the ground radiance, then the radiation is considered to be entirely from surface
terrain with a reflectivity less than 0.08. Equations 4 and 5 can be combined to yield:

I—Ia

T +SD(I —|a)
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The ground reflectivity can be derived using gobtained assuming ground conditions. Similarly, if the measured
radiance is greater than the cloud radiance, when snow/ice are absent, the reflected radiance is assumed to be entirely
from cloud with reflectivity greater than 0.80, and gddrived using the cloud conditions is used in Equation 11 to

derive the effective reflectivity. If snow/ice are present, the cloud and ground are assumed to contribute ggually to |

at 360 nm. Equation 11 can then be used to calculate new values of both ground and cloud reflectivities from these
radiances. Radiances at the shorter wavelengths are calculated using these reflectivities and a valuke of 0.5 for

4.4 |nitial B-Pair Estimate

The initial ozone is calculated using the B-pair, which provides good ozone values over the largest range of
conditions of any of the pairs.

The first step is to calculate radiances for the conditions of the measurement—geometry, latitude, cloud and terrain
height, and cloud fraction. For each ozone value in the table, radiances are calculated for the 1.0 atm and 0.4 atm
levels, using ground reflectivity and the values pfl] and § from the tables for the geometry of the measurement

and a single ozone profile—the low latitude profile for measurements at latitudes 15 degrees and lower, the mid-
latitude profile for 15 degrees < latitud&0 degrees, and the high latitude profile at latitudes higher than 60 degrees.
These radiances are then corrected for rotational Raman scattering (the Ring effect). The correction factors, based on
the results of Joiner et a(1995), are shown in Table 4.3. They were computed using a solar zenith angle of 45
degrees and a nadir scan. The dependences on solar and scan angles, which are small under most conditions, are
neglected. Two sets were calculated, one at 1 atm and the assumed 8 percent ground reflectivity for use with the 1-atm
radiance tables and the other at 0.4 atm and the assumed 80 percent cloud reflectivity for use with the 0.4-atm tables.
This correction greatly reduces the biases that had been seen between ozone values.

Table 4.3. Rotational Raman Scattering Corrections

Radiance Correction (%)

Pressure = 1.0 atm Pressure = 0.4 atm
Actual Wavelength (nm) Reflectivity = 8% Reflectivity = 80%
308.65 —0.295 -0.167
312.56 0.17 0.006
317.57 —-0.598 -0.311
322.37 0.126 0.056
331.29 0.310 0.139
360.40 -0.430 -0.175

The ground radiance is then derived by interpolating between values for the two pressures to derive the radiance for
the pressure at the terrain height from the grid. A similar process is carried out for both pressures using cloud

reflectivity, and the cloud radiance is derived by linear interpolation for the pressure level at the height given by the

ISCCP cloud height climatology. Finally, the appropriate fractions of ground and cloud radiances, determined as

described in Section 4.3, are added to yield I/F for all ozone values. These results are then converted to N-values.

The next step is to compare the measured radiance with the calculated radiance. The two tabulated ozone values
whose calculated B-pair N-value differences bracket the measured N-value difference are identified in the table. A
climatological ozone amount below the terrain pressure level is subtracted from these two bracketing table ozone
values, and the initial ozone estimate is derived by linearly interpolating between the two resultant values, using the
measured N-value and the two calculated N-values.

45 Best Ozone

Once an initial estimate of ozone has been obtained, it is used to calculate N-values at all TOMS wavelengths in the
way described in Section 4.2, applying the rotational Raman scattering correction described in Section 4.4. N-values
are calculated for each measurement, using one profile or two, depending upon the latitude. Ferl&titiedeees,

only the low latitude profiles are used, for 15 degrees< latittd&sdegrees, one set each is calculated using low and
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middle latitude profiles, for 45 degrees< latitudes < 75 degrees, N-values are calculated using middle and high
latitude profiles; and for latitude 75 degrees, only N-values for high latitude profiles are calculated. Values of dN/
dQ are calculated, as well.

In general, these calculated N-values will not equal the measured N-values. In the derivation of the initial ozone
estimate, reflectivity is assumed to be independent of wavelength, but for some surface conditions, such as sea glint,
desert dust, or ice, the reflectivity will be wavelength dependent. In addition, residual errors in the instrument
calibration can produce a wavelength dependent artifact in the measured N-value. Because of these effects on the
spectrum of backscattered radiation and because of the simplifications used in its derivation, the initial ozone estimate
will not be equal to the true ozone value. This error in ozone will also contribute to the discrepancy between the
measured N-value Nand the value lcalculated from the initial ozone estimate. The initial ozone estimate should,
however, be sufficiently close to the true value to derive a correction using a first order Taylor expansion in the
difference. The wavelength-dependent contribution from factors other than ozone, such as reflectivity and residual
errors in the instrument characterization, is assumed to be a linear function of wavelengthThenp

_ el
Nm_NO+(Q_QO)EuQD0+a + bA. (12)
Let
= (N —Np), be the residue at wavelengthand
S\ = %ﬂ be the sensitivity at wavelength
A
Equation 17 becomes:
r}\:s)\(Q—QO)+a + bA. (13)

The radiation at 360 nm is insensitive to ozone, and therefgge©. Further, since the reflectivity was derived at
360 nm, the residue is zero at that wavelength. Substituting into Equation 13 and solving yields:

a = -360b (14)
and therefore, for the ozone-sensitive wavelengths,
'\ :s)\(Q—QO) + b(A —360). (15)

There are two unknown8 and b. LefAA = A-360. Using measurements at two wavelengths, lalglatdA,, it is
possible to solve faR:

I, AN, —1,AA
+1221 (16)

Q=Q .
0 SN, —S50N

Equation 16 is the form in which the algorithm applies the correction. Ozone values are derived for each of the two
profiles selected.

Another form of this equation is:

A)\Z rl—sl(Q —QO)

== = 17)
A}\l r2—32(Q—QO)

This form illustrates how the correction is equivalent to assuming that the size of that part of the residual not arising
from ozone error is linear with wavelength.
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This situation is illustrated in Figure 4.1, which shows the modes of the equatorial distributions of residues at each
channel as a function of wavelength. These modal residues represent a huge population, but they serve to illustrate
concepts applicable to individual retrievals as well. Because the A-triplet is used exclusively at path lengths
encountered in the tropics, the modal residues at 313, 331, and 360 nm are co-linear.
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Figure 4.1. Modes of Equatorial Distributions of Residues for Each of the EP TOMS Channels as a Function of
Wavelength. Residues are reported on the Level-2 product in units of N-value. A difference of 1 N-value is equal to
2.31%.

The A-triplet residue can be defined as:

ooy A-360

A A+ 331 - 360 331
The modal A-triplet residues for the 309, 318, and 322 nm channels are equal to their vertical displacement from the
A-triplet line in Figure 4.1. These non-zero ftriplet residues indicate some residual wavelength dependent
inconsistency in the measurement system. This may be due to calibration error, some systematic error in the
atmospheric radiation transfer model used in the retrieval, or systematic wavelength dependence in the effective
surface reflectivity at the bottom of the atmosphere. As discussed in Section 3.2.2, calibration adjustments have been
made to remove the modal A-triplet residues. This is intended to remove the systematic offset that would occur
between A-triplet ozone and B-triplet or C-triplet ozone. It also serves to normalize the triplet residues for use in the
profile mixing scheme described below. As discussed in Section 3.2.2, these initial adjustments were derived based on
a limited population. Figure 4.1 is based on the first 1.5 years of data, so it represents the residual uncertainty in the
current archive dataset which is less than 1% in ozone. It also serves to illustrate the concept of A-triplet residue. Note
that similar definitions of B-triplet residue and C-triplet residue can be constructed relative to total ozone derived
using these triplets as well.

(18)

For retrievals at latitudes where two profiles are used, an ozone value appropriate to the latitude of the measurement is
then derived from the ozone values for the two profiles, using an equation of the following form:

Q= (=15 000wer* TprofChigher (19)
where
Q = best ozone,
Qower = Ozone retrieved using lower latitude profile,
Qnigher = 0zone retrieved using higher latitude profile, and
forof = weight given to higher latitude profile.
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Thus, f0¢Will be 0 if only the lower latitude profile is selected, 1 if only the higher latitude profile is selected, and in
between for a combination of the two profiles. The choice of pairs gdiépends upon the optical path length
Qq(sechy + sedh), in atm-cm.

For path lengths less than 1.5, a valug,gf bbtained by simple linear interpolation in latitude,

[latitudd —| IatitudéloWer

oo . 20
prof \Iantuddhigher—“a“wddlower -

is used for latitudes between 15 and 75 degrees using the two profiles appropriate to the latitude. The low latitude

profile alone is used from the equator to 15 degrees, and the high latitude profile alone is used from 75 degrees to the
pole. For a path length less than or equal to 1.0, the A-triplet wavelengths are used in Equation 16; for a path length

greater than 1 and no greater than 1.5, the B-triplet is used with the same latitude interpolation.

For longer path lengths, the profile mixing scheme mentioned above in Section 4.2 is used to determine the profile
mixing factor,fpror. The basic principle is to improve the triplet ozone using profile shape information in the triplet
residue of a shorter wavelength to determine the profile mixing factor defining a linear combination of the standard
profiles that best explains the radiances at all four wavelengths. This profile mixing factor is defined as:

¢ _ r'(lower)
prof = r'(lower) —r'(higher)

(21)

where lower and higher refer to latitudes of the two profiles used and r” refers to the B-triplet residue for the 313 nm
channel for 1.5 < s < 3.0 and to the C-triplet residue at the 318 nm channgl3oitrs most cases, the appropriate

profile will be between the higher and lower latitude profiles, and the residues will be of opposite sign; thus the
denominator represents a distance between the residues (or sensitivity to profile shape) and the numerator a fraction
of this distance. When the low- and mid-latitude profiles are used, if the derived valyg isfdreater than 1, the

process is repeated using the mid- and high-latitude profiles; similagy:#f0 when using mid- and high-latitude

profiles, the process is repeated using the low- and mid-latitude profiles.

The final step is to estimate the amount of the derived ozone that is beneath clouds. Estimates of the ozone amount
under the cloud level pressure level are obtained for each of the two latitude profiles used to derive Best Ozone and
the two tabulated ozone values on either side of the derived Best Ozone. The column ozone beneath cloud is then
derived by interpolating in ozone and usiggyfto weight the latitudes. Finally, this ozone amount is multiplied by

the cloud fraction f to derive the ozone in a particular field of view that is under cloud. The sensitivities are calculated
from the sensitivities for the two profiles using the same weighting as for ozone.

4.6 Validity Checks

The algorithm contains several validity checks for maintaining data quality. Before measured radiances are accepted
for use in ozone determination, the solar zenith angle, satellite attitude, and instrument status are checked to ensure
the suitability of the radiances and other geophysical input to the algorithm. This section describes the quality checks
performed to identify invalid and lower quality ozone values caused either by bad input data that passed
preprocessing checks or by limitations of the ozone algorithm. It also explains the significance of the error flags that
are set.

The principal tool used to investigate the validity and quality of a total ozone value is the set of residues. The residues
measure how well radiances calculated based on the ozone derived using one set of wavelengths match the radiances
measured at the other wavelengths. The usual significance of a large residue is that the atmospheric or surface
conditions deviate significantly from those assumed in the algorithm, for example, if reflectivity has a non-linear
dependence on wavelength. The final triplet residues for wavelengths used in the retrieval will be zero.
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The first check is of all the non-zero residues; if any is greater than 12.5 in units of N-value, the error flag is set to 5.
This condition usually arises when problems in the data stream lead to incorrect values for the measured radiance or
when the atmospheric conditions are so unusual that the assumptions used in the calculation of radiances do not hold.

Data that pass flag 5 are checked for sulfur dioxide contamination. The®® (SOI) is defined by the following
equation:

_ dN AN
r= SOI[d(SOZ)} + 50N + b(r -360). (22)

This equation is formulated in the same way as Equation 13, the basic equation for the ozone correction, with an
additional term for sulfur dioxide contamination. The physical interpretation is that the mismatch between calculated
and measured radiance has a component due feonSfdldition to the components due to ozone error, wavelength-
dependent reflectivity, and residual calibration error accounted for in Equation 15. Using three wavelengths provides
three equations, which can be solved for SOI as a function of the residues, the sensitivities, and the wavelengths. The
algorithm uses the residues at 317 nm, 322 nm, and 331 nm. The 312-nm wavelength is not used because it is more
affected by aerosols. If the SOI is greater than 12.5, the error flag is set to 4. Since the triplet residues at the
wavelengths used to derive the SOI are all zero when the C-triplet is used to derive ozone with the B-triplet to select
the profile, SOI is not evaluated for path lengths greater than 3; the output data set will contain a fill yalue. SO
contaminated data will still be likely to be flagged by the remaining residue tests, but the presenceilbh8be

identified.

In principle, Equation 22 could be used to simultaneously solve for ozone and SOI. However, the wavelengths best
for ozone determination at a given path length are not necessarily the best for SOI determination. The more
complicated expression for ozone that would result would significantly increase the computer time required, and the
accuracy of the “corrected” ozone would likely be poor. For further information aboutl&@®ed from TOMS
measurements, see Krueger et al., 1995 and 1998, Schaefer et al., 1997, and Krotkov et al., 1997.

The next check assesses triplet consistency. If a single triplet is used, the triplet residue defined in Equation 18 is
checked for the ozone-sensitive wavelength not used in the ozone determination: 317 nm in the case of the A-triplet,
and 312 nm for the B-triplet. The maximum residues allowed, in N-value units, are 1.1 at 317 nm when an A-triplet
determination is checked and 0.9 at 312 nm when a B-triplet determination is checked. If a second triplet is used to
determine the profile, then the requirement is that a valuggtén be found such that G5, < 3.5. Values of

forof OUtside this limit require such a degree of extrapolation that the profile is not considered highly reliable. If the
data fail the relevant test, the error flag is set to 3. The next check uses the 331-nm residue. If this residue exceeds 4 in
N-value units, the error flag is set to 2. Flag values of 3 or 2 resulting from large residues imply that the values of I/F
may be inconsistent with the assumption that the linear correction can be used.

For solar zenith angles greater than 84 degrees, the algorithm loses accuracy. Most retrievals must make use of the C-
triplet, which is not highly sensitive to ozone. In addition, the conditions depart from those for which the radiative
transfer code was designed, in particular the extreme geometry (Caudill et al., 1997). For this case, the error flag is set
to 1. Finally, the value 10 is added to the flag value for the data that are taken in polar summer on the descending
(north to south) part of the orbit. While all flagged ozone values appear on the Level-2 data sets, only ozone values
with the flag set to 0 for a good retrieval from the ascending part of the orbit are used to derive the gridded means of
Level-3.
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Table 4.4 summarizes the error flags, when they are set, and their significance.

Table 4.4. Error Flags

Flag Criterion Significance
0 No other flag set Good value
1 Solar zenith angle > 84° Algorithm less accurate
2 r(331) > 4 (N-value) Linear correction inadequate
3 frip(317) > 1.1 (N-value) Linear correction inadequate
(if A-triplet alone used)
lrip(312) > 0.9 (N-value)
(if B-triplet alone used)
forof <-0.5 0r frof > 3.5 Anomalous Profile
(profile selection)
4 SOl > 24 Sulfur dioxide contamination
5 any residue > 12.5 Unusual atmospheric conditions or
data stream problems
+10 Descending orbit Data taken during descending (north to

south) portion of orbit.

4.7 Level 3 Gridding Algorithm

The level-3 gridding algorithm is used to combine the orbital TOMS measurements into a daily map product with a
fixed global grid. The grid used is 1 degree in latitude by 1.25 degrees longitude over the entire globe. Only high
quality level-2 data with a quality flag of zero as defined in Table 4.4 are included in the cell averages.

The cell averages are computed as weighted averages of TOMS parameters derived for IFOVs that overlay the given
cell. For this purpose, a simple rectangular model is used for the actual TOMS IFQV, which is illustrated in Figure
2.1. The area of overlap between the rectangular IFOV and a given cell is used to weight its contribution to the given
grid cell average. A single TOMS IFOQV can contribute weight to more than one cell average within a single 1 degree
latitude band. Contributions outside the latitude band are ignored as a simplification of the calculation. The
dimensions of the model IFOV vary from 26 km x 26 km at nadir to 45 km x 80 km at the extreme off-nadir for the
low 500 km orbit period, and from 38 km x38 km at nadir to 70 km x140 km at the extreme off-nadir during the high
750 km orbit period after December 12, 1996.

At higher latitudes where orbital overlap occurs, the orbit that provides the best view of a given cell is used. In
practice, cell averages are computed separately for each TOMS orbit, and the one with the shortest average path index
is selected. The path index is calculated afgee(2secB), whereBy andb are the solar zenith and spacecraft zenith

angles respectively, defined at the IFOV. This index is designed to place more importance on the spacecraft zenith
angle than on solar zenith angle relative to the proper calculation of geometric p&) (see€f)).

The TOMS level-3 product is non-synoptic. The Western Pacific is measured near the beginning of the Gl\/rI]T day, and
the Eastern Pacific is measured near the end of the GMT day. There ista 24-hour discontinuity in the dita at 180
meridian. Individual TOMS IFOVs are sorted into different days across the m@&@idian to ensure that this is the

only place where such a time discontinuity occurs.

TOMS level-3 products are archived at the Goddard DAAC in Hierarchical Data Format as described in Section 7.1.2.

The derived total ozone and effective surface reflectivity are available in this form. The TOMS near real-time level-3
products are available via anonymous ftp in their native format, which is described in Section 7.2.2.
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5.0 GENERAL UNCERTAINTIES

There are three areas in which uncertainties can be introduced into the ozone derived from TOMS: the accuracy and
precision of the measurements, the value of the radiances calculated from the radiative transfer model, and the
process of comparing the measured and calculated radiances to derive ozone. In each of these areas, errors of three
kinds are possible: random errors, time-invariant systematic errors, and time-dependent systematic errors.

Table 5.1 summarizes the estimated uncertainties in the retrieved Earth Probe ozone. They are organized by kind of
error rather than by where they originate in the ozone retrieval process. This organization makes it clearer how the
errors are to be combined to derive a total error for the retrieval. However, the following discussion will be organized
by where the error arises in the retrieval process, to clarify the relationship between the individual uncertainties and
how they arise.

It is important to recognize that the use of a single number to describe the uncertainty from any source is an
oversimplification. In all cases, the uncertainty in total ozone depends upon the wavelengths used in determining
ozone, the uncertainty in the measurement at those wavelengths, and the sensitivity of the retrieved ozone to a change
in the value of I/F at that wavelength. In addition, the error from a particular source will depend on the conditions of
measurement, with values higher than the usual values under certain conditions. The entries in Table 5.1 represent
values for the most common conditions. Some cases where the uncertainty may differ significantly from the values in
the table are noted.

Table 5.1. Errors in Retrieved TOMS Ozone

Source Error (%)

Random—not applicable to long-term change
(typical values—may be larger in winter months
or under disturbed atmospheric conditions)
Instrument noise
Instrument characterization
Atmospheric temperature
Retrieval error
Tropospheric ozone
Net (Root sum of squares)

oo
W W

N =
=
oo

Time Invariant
Rayleigh scattering
Ozone absorption cross-section
Wavelength calibration
Radiometric calibration <
Retrieval error <
Net (Root sum of squares) 3

N A
PO

=B

Time Dependent (over first year)

Radiometric calibration <0.5
Wavelength calibration <0.25
Atmospheric temperature 0.16/°K
Tropospheric ozone 0.05/percent change

:* May be 5 percent or higher at very high solar zenith angles.
Value for comparisons with non-UV instruments or UV measurements evaluated using different ozone absorption
cross-sections.

5.1 Accuracy and Precision of TOMS Measurements

There are three separate components to determining the accuracy and precision of the normalized radiances that are
used in the total ozone retrieval from TOMS. First is the precision of the radiances, which is governed by instrument
noise and by the digitization of the TOMS output. These factors produce random errors in the value that is given for
measured radiance. The second is the initial laboratory calibration. An error in the absolute radiometric calibration
or in the wavelength calibration may lead to a time invariant, systematic zero-point error or bias in the retrieved
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ozone. The third is possible changes with time in the instrument sensitivity. An error here may cause a drift with time
of the derived total ozone values.

Instrument noise has been reduced in the new TOMS instruments and does not contribute significantly to errors in
derived ozone. The total random instrumental error is 0.3 percent. This error is the first entry under random errors in
Table 5.1. As discussed in Section 3.2.3, uncertainty in near real-time fitting of newly acquired solar data leads to a
small short-term precision error. It is labelled instrument characterization in Table 5.1.

The uncertainty of the initial radiometric calibration of EP/TOMS is less than 1 percent in derived total ozone.
Uncertainties in the radiometric calibration at individual wavelengths may be somewhat larger than this, but since the
ozone is derived using wavelength triplets, the impact on derived ozone remains small.

Errors in the instrument wavelength scale also can generate uncertainties in the retrieved ozone. The radiances that
are calculated for comparison with measurements must be derived for the wavelengths and slit sensitivity of the
TOMS instrument. If there is an error in the wavelengths assumed, then the calculated radiances will not be the same
as those actually measured by the TOMS instrument, leading to an error in the retrieved ozone. Other than the 0.3 nm
error at 360 nm discussed in Section 3.2.1, it is estimated that the initial TOMS wavelength calibration is known to
+0.03-nm accuracy. This uncertainty plus the 360 nm error correspond to a possible systematic error of about 1
percent in derived ozone, constant with time.

A wavelength calibration drift could produce a time-dependent error in ozone. As noted in Section 3.3, the
wavelength calibration drifted by less than 0.02 nm over the first 1.5 years of the EP/TOMS data record,
corresponding to a possible drift of less than 0.25 percent in ozone. The upper limit to the possible change appears on
the second line under the time-dependent changes of Table 5.1.

The uncertainty in the time dependence of the radiometric calibration is estimated to be less than 0.5 percent in
ozone. This uncertainty is relatively small because of the low solar exposure of the Earth Probe Working diffuser.
Much of the uncertainty arises from the solar signal characterization. This situation is illustrated in Figure 3.1 by the
fit of the A-triplet wavelengths. It is the uncertainty in the determination of the wavelength dependent calibration that
is critical to the TOMS total ozone determination.

5.2 Calculated Radiances and Their Use in the Algorithm

Errors in the calculation of radiances have two principal origins: in the physical quantities whose values are obtained
from laboratory physics and in the atmospheric properties assumed for the radiative transfer calculations. Calculation
of radiative transfer through the atmosphere requires values for the ozone absorption and Rayleigh scattering
coefficients. The values used in the algorithm are obtained from laboratory measurements. Any error in the laboratory
values will propagate through the algorithm to produce a systematic error in the derived ozone. The first two lines in
the time-invariant error group of Table 5.1 show the effect of the uncertainties in these quantities on derived ozone. In
addition, the absorptivity of ozone is a function of the temperature. The calculated radiances are based upon
climatological temperature profiles (Appendix A). However, if the temperature structure departs from the
climatology, the absorption coefficient may change from that assumed in the algorithm, producing an error in
retrieved ozone. The size of this error is shown in the second line of the random error group.

The third random error component listed in Table 5.1, called retrieval error, arises from variations of the properties of
the real atmosphere about those assumed for the calculation of radiances. The most important of these is the
difference between the actual vertical distribution of ozone and the standard profile used to compute the look-up
tables. At low to moderate solar zenith angles, the TOMS derived total ozone is not significantly dependent on the
ozone profile used. At high solar zenith angles, however, profile sensitivity is a significant source of error. The profile
interpolation procedure described in Section 4.5 reduces this error, but does not eliminate it (Wellemeyer et al., 1997).

The fourth random error in Table 5.1 arises from possible variations in tropospheric ozone, in particular from cases

where changes in tropospheric ozone do not affect the measured radiance. TOMS cannot measure ozone that is
hidden from the instrument by thick cloud. In the TOMS algorithm, a climatological tropospheric ozone amount is
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assumed to be present beneath the cloud fraction identified by the reflectivity channel of TOMS. Thus, the error due
to hiding by clouds in a given measurement is equal to the error in tropospheric ozone times the cloud fraction, and
the algorithm will, in general, be less sensitive to errors in tropospheric ozone if the cloud fraction is low. About 6
percent of total ozone is in the lowest 5 km, with a 50 percent variability. The radiation from the troposphere has both
surface and atmospheric components: the surface component traverses the troposphere and provides a measure of
tropospheric ozone, while the atmospheric component, arising from Rayleigh scattering, is not as sensitive to the
ozone amount. Over surfaces with low reflectivity, the Rayleigh scattering component dominates, and the measured
radiance will not be sensitive to departures from the standard tropospheric ozone profile. When the surface is highly
reflective, the ozone-sensitive surface component is more important, and the TOMS estimate of tropospheric ozone
improves; thus, the problem of tropospheric ozone is less significant over ice-covered regions such as the Antarctic.
The retrieval also improves at low solar zenith angles when incident UV penetrates further into the troposphere
(Klenk et al., 1982)A related error has to do with variability of the actual cloud height about the ISCCP climatology
assumed in the algorithm. Standard deviations of about 100 mb occur near the equator and can be associated with
1.0% error in derived ozone, resulting from assigning the incorrect ozone beneath the cloud. Overall, TOMS
measures roughly half of the tropospheric ozone variation.

Assignment of the temperature, retrieval, and tropospheric ozone errors as random is based upon an approach in
which the atmospheric variations are not known and are treated as random variability about the climatology.
However, if independent measurements of any of these quantities are available for a scan, then such measurements
can be used to correct the ozone values derived from TOMS, and the error would no longer be random.

5.3 Comparison with Fairbanks Ozone Sondes

A number of ozone-sondes were flown from Fairbanks, Alaska during fall of 1996 in support of the EP/TOMS
validation effort. These measurements have been used to validate the profile selection scheme described in Section
4.5. Nineteen coincidences have been identified between these Fairbanks ozone-sondes and EP/TOMS retrievals in
which the profile selection method was applied. Coincidences were also identified between the ozone-sondes and
measurements of the ozone profile by the SBUV/2 instrument on-board the NOAA-9 Spacecraft, so that a composite
profile could be constructed of the lower atmosphere measured by the ozone-sonde and the upper levels measured by
SBUV/2. Figure 5.1a shows a sample composite profile compared to TOMS standard profiles for the same total
ozone amount with profile shape selected purely by latitude (TOMS Version 6) and with profile shape determined
using the mixing fractiory, ¢ in Equation 21. Figure 5.1b summarizes estimated errors in EP/TOMS total ozone
relative to the composite profiles that are due to differences between the profile shape estimated using the TOMS
profile selection scheme and that measured by ozone-sonde and SBUV/2. These are quite small considering that
most of these retrievals are at solar zenith angles higher than 84 degrees. (See the first footnote in Table 5.1).

5.4 Comparison with ADEOS/TOMS

A TOMS instrument flown on the Japanese Meteorological Satellite, ADEOS, took data from September 11, 1996
through June 29, 1997 when contact was lost with the satellite. The ADEOS/TOMS was identical to the EP/TOMS,
though it was flown in a higher orbit to provide complete daily global coverage. Similar calibration procedures were
carried out for the two instruments, and the same retrieval algorithm was applied to both data sets. Figure 5.2 shows
the time series of the percent differences in total ozone between Earth Probe and ADEOS TOMS, which fall within
the experimental uncertainties. These differences may be compared with the A-triplet fitting in Figure 3.1.

5.5 Comparison With Ground-based Measurements

The EP/TOMS data have been compared with ground based measurements made by a network composed of 30 mid-
northern latitude stations with Dobson and Brewer ozone measuring instruments. Each ground measurement was
paired with the TOMS sample whose center was closest to the station; if two measurements were equally near, the one
measured closest to nadir was used. A weekly mean was then calculated of the daily TOMS-ground differences at

each station. These means were then averaged to derive a weekly average TOMS-network difference.

Figure 5.3 shows the percentage difference of TOMS—ground ozone measurements as a function of time. The EP/
TOMS total ozone is about 1.0% higher than the ground measurements. Similar comparisons of the Nimbus-7 and
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Figure 5.1. Summary of EP/TOMS - Sonde comparisons. A) Comparison of profile shapes used in TOMS retrievals
with simple latitude mixing (dots) and profile selection (dashes) with a coincident ozone-sonde from Fairbanks
(solid). Each shape plotted contains the same total ozone, but the impact of the selected shape on TOMS derived
ozone at 84.9 degrees solar zenith angle relative to the sonde amount is illustrated. A coincident NOAA-9 SBUV/2
measurement is used to provide ozone amounts in the uppermost six layers. B) Residual error in EP/TOMS retrievals
relative to all nineteen coincident composite profiles from ozonesonde and SBUV/2 at high solar zenith angles.
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Figure 5.2. Time Series of EP/TOMS - ADEOS/TOMS total ozone differences.
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Figure 5.3. Percentage Difference of TOMS - ground ozone measurements as a function of time.
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Meteor-3 TOMS with ground measurements indicate biases of about 0.5% and 0.0% respectively. There is no signif-
icant trend in the bias, so only the mean bias and its standard deviation are noted in the figure.

Ground based comparisons also indicate an underestimation in TOMS at low ozone amounts in the Northern Hemi-

sphere. This appears to be because of the lower tropospheric 0zone amounts assumed in the standard profiles (Appen-
dix A) for 225 D.U. and lower (McPeters and Labow, 1996).

29



6.0 PROBLEMS LOCALIZED IN SPACE AND TIME

6.1 Aerosol Contamination

Increased Mie scattering resulting from the presence of tropospheric aerosols modifies the radiative properties of the
atmosphere and may significantly affect the radiances measured by TOMS. The triplet formulation described in
Section 4 is designed to correct for such departures if they result in algorithmic residues that are linear with
wavelength. This appears to work quite well except in the situation where absorbing aerosols are present. A careful
study of this effect using a variety of absorbing aerosol models has indicated that absorbing aerosols are generally
associated with a positive residue at 331 nm (the aerosol index), and that the resulting error in TOMS derived ozone is
roughly linear with the 331 nm residue (Torres et al., 1998b). This finding is illustrated in Figure 6.1. Retrievals with
331 nm residues greater than four are flagged with an error code of 2 and are excluded from the level-3 product.
However, Figure 6.1 indicates that significant errors in derived ozone may still be present. These situations occur in
northern Africa and the equatorial Atlantic during late summer and fall when large quantities of desert dust are
present in the atmosphere. They also occur when large quantities of smoke due to bio-mass burning or forest fires are
present. Interested users may correct these data based on the results summarized in Figure 6.1 using the 331 nm
residue (aerosol index) reported on the level-2 product. A level-3 product containing the aerosol index is planned for
release later in 1998. We hesitate to provide a corrected data set because the modeling is quite specific and other
sources of uncertainty contribute to the 331 nm residue. However, we think that corrections based on Figure 6.1
during episodes of absorbing aerosols in the troposphere will give 2 percent accuracy.
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Figure 6.1. TOMS Derived Ozone Error as a Function of Aerosol Index in the Presence of Tropospheric Absorbing
Aerosol. (D) Desert dust (C1 and C2) Smoke.
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6.2 Scan Angle Dependence

For the near local noon equator crossing time, Sun glint can occur over water for clear sky and near overhead Sun.
Under these conditions, the derived surface reflectivity is enhanced, a result of the extra radiation reflected from the
surface. The consequence is that derived ozone is low under these conditions slightly east of nadir in the vicinity of

scan position 22. This effect is illustrated in Figure 6.2, which shows weekly averages of equatorial ozone as a

function of scan position away from and near equinox. The bottom panel shows a modest impact in the weekly mean,
but individual scans show about a 2 percent effect. Individual samples susceptible to glint contamination are over

water and have scattering anglés; 30° ,

where & :CO§(0056000£+sineosichosp).

The upper panel shows ozone as a function of sample number for an unaffected scan. It shows a smaller scan angle
dependence of about 1 percent, probably arising from scattering due to background aerosols and by cirrus cloud,
neither of which is fully treated in the radiative transfer calculation described in Section 5.1. To date, no major
volcanic eruption has injected aerosol into the stratosphere, during the EP/TOMS lifetime. If such an event occurs,
significant scan angle dependence similar to that seen in Nimbus 7 TOMS after the eruptions of EI Chichon and Mt.
Pinatubo (McPeters et al., 1996) will result.
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Figure 6.2 Derived Total Ozone as a Function of Scan Position. (Top) Typical weekly average scan dependence.
(Bottom) Weekly average scan dependence affected by sea glint.
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6.3 Solar Eclipses

When the Sun is eclipsed, the decrease in incoming solar irradiance leads to a decrease in the backscattered Earth
radiance. However, because the solar irradiance used for the ozone retrieval is derived from measurements of the
uneclipsed Sun, the derived I/F is not correct during times of eclipse. Consequently, ozone values are not retrieved
for periods of time and ranges of latitude where the radiances are affected by a solar eclipse. In actual production,
tabulated eclipse information is part of the input stream for the job run and is used by the software to exclude the
eclipse periods and regions. These are shown in Table 6.1.

Table 6.1 Earth Probe TOMS Eclipse Exclusions (1996—-1998)

Year Start Time (UT) End Time (UT) Latitude

Day Seconds Day Seconds Min Max
1996 206 46950 206 47142 -90 90
1997 67 83796 68 12648 5 84
1997 244 78246 245 8586 -83 -10
1998 57 53424 57 72378 -36 66
1998 233 83412 234 18120 -67 36

6.4 Polar Stratospheric Clouds

The effect of anomalously high clouds can be a significant error source for localized regions in the Arctic and
Antarctic. Polar Stratospheric Clouds (PSCs) above the ozone peak may cause the TOMS retrieved total ozone to be
underestimated for solar zenith angles larger than 70 degrees. Models indica